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Abstract 

We study the possibility of canceling the cosmological constant in supergravity 
string models. We show that with a suitable choice of superpotential the vacuum 
energy may vanish with the dilaton field at its minimum and supersymmetry bro- 
ken with a large hierarchy. We derive the condition for which the introduction of 
a chiral potential, e.g. the inflaton potential, does not destabilize the dilaton field 
even in the region where the scalar potential takes positive values. This allows for 
an inflationary potential with the dilaton frozen at its minimum. 
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The vanishing of the cosmological constant remains an open issue flj. In the ab- 
sence of an understanding of why the cosmological constant cancels one can study, 
nevertheless, the possibility of having a potential that vanishes at the global mini- 
mum. In non-supersymmetric models one has, in principle, a large freedom to choose 
arbitrary terms and fine tune them to get zero cosmological constant. However, in 
a super symmetric theory the potential terms are more constraint. In fact, for global 
supersymmetry (SUSY) this is not possible if one requires SUSY to be spontaneously 
broken. On the other hand, in supergravity models one can have the potential V = 
and SUSY spontaneously broken. The breaking of SUSY is certainly a necessary condi- 
tion but usually spontaneously broken symmetries have a potential with V\min = — 
where A is the symmetry breaking scale and for a realistic hierarchy solution V ~ 
— [10~^ mpianck]'^, many orders of magnitude larger than the observational upper limit 
\V\ < nipi^^^f,. It is therefore interesting to determine whether one can have 

vanishing cosmological constant with SUSY broken at a phenomenological acceptable 
scale in supergravity models. 

The cosmological constant also plays an important role in the evolution of the 
universe. Since string models are valid below the Planck scale they should describe 
the evolution of the universe. The standard big bang theory has some shortcomings like 
the isotropy and flatness problems |^]. An inflationary epoch [Q], where the universe 
expanded in an accelerated way, may solve these problems. This inflationary period 
is also welcome to erase the abundance of the topological defects produced when a 
symmetry is spontaneously broken. In order for the potential to inflate a necessary 
condition is to have a positive energy. For arbitrary values of the different fields one 
expects V to be positive and to evolve to its minimum. In this evolution one would hope 
for an inflationary period. However, it is difficult to obtain an inflationary potential 



in string models due to the dynamics of the dilaton field S |11],|14]. When the scalar 
potential V evolves to the minimum of the dilaton, the universe, keeping all other fields 
fixed, does not go trough an inflationary period. At the minimum, SUSY is broken and 
for vanishing v.e.v. of the chiral fields, the vacuum energy is negative and of the order 
of A^. So, it seems that either we have a positive potential with the wrong dynamics 
due to dilaton field or when the dilaton is at its minimum we have a negative potential. 
We will show that it is indeed possible to have a positive inflationary potential and S 
frozen. 

The effective D = 4 superstring model is given by an = 1 supergravity theory 
Q with at least two gauge singlet fields S and T as well as an unspecified number of 
gauge chiral matter superffields (j). We will consider only an overall moduli T. The 
v.e.v. of the dilaton field S gives the gauge coupling constant g~'^ = KeS at the string 
scale while the real part of the moduli fields Re T = Rf the radius of the compactified 
dimension. The tree level scalar potential is given by |^ 

Vo = \e''iGa{K-^rbG'-3\W\') (1) 
where the Kahler potential is Ga = KaW + Wa and 



K = -log(S,)-31og(T,)+r;|</)| 
W = Wo(,S,T) + W,h(.T,cl)). 
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The indices a, b run over all chiral fields, i.e. the dilaton 5, the moduli T and chiral 
fields (/>j with modular weight n and Tr = T+T, Sr = S+S. In orbifold compactification 
n can vary from 5 to -9 |^]. All the fields are normalized with respect to the reduced 
Planck mass nip = Mp/^/Sir. As usual, the indices a,b of the functions G,K and W 
denote derivatives with respect to chiral fields. 

The superpotential term Wo{S,T) arises due to non-perturbative effects, like gaug- 
ino condensation 0, and is responsible for breaking supersymmetry (SUSY) while 
Wch is the chiral matter superpotential. Another important property of string models 
is duality invariance. Under this symmetry the moduli field T transform as element 
of SL{2, Z) group, the dilaton S is invariant^ while the chiral fields (j) transform as 
modular function with weight n. The superpotential must be a modular function of 
weight -3. Using the duality symmetry one can then fix the T dependent part of the 
superpotential W in terms of the Dedekind-eta function rj, 

W = r^{T)-'n{S,^), V ^ e-^/i2n„(l - e-"-^) (3) 

where we have assumed, for simplicity, that the T dependent part in W can be factorized 
and 

n = noiS) + n,hi(l>)- (4) 

CIq corresponds to the non-perturbative superpotential due to gaugino condensate while 
flch to the chiral matter superpotential. Using eqs.(|l]) and (§) the scalar potential 
becomes 



\h\^ + \k,\^ + \n\\-^\G2{T)\^ -3) 



(5) 



where G2 is the Eisenstein function of modular weight 2 and we have defined the 
auxiliary fields of S and (p in terms of /i = "rf S^Gs = 8^.0.$ — ^ and ki = -rf Gi = 
KiQ. + Vli respectively while the auxiliary field of the moduli T is Gt = ^ G2{T). 

Note that we have taken the chiral fields in eq.(P) to be canonically normalized, i.e. 

K = 1- 

In the context of supergravity (tree level and one-loop level potential only), the 
cancelation of the cosmological constant must come trough a non- vanishing auxiliary 
field Gi 7^ 0. In string models there is a large number of chiral matter fields (j) with 
different interacting superpotential terms . Since we don not wish to specify to any 
given model we will take Q.ch to be arbitrary and we will study if there exist a particular 
superpotential for which SUSY is broken with the dilaton at is minimum and zero 
cosmological constant. 

The condition of zero cosmological constant, considering only the tree level poten- 
tial, is 

Ga{K-^)lG' = 3|VF|2 (6) 

and it is hard to satisfy dynamically in the context of string models. In fact, the 
stabilization of the dilaton field is not simple to achieve and there are two different 



^If loop corrections are included there may be a mixing term between S and T in the Kahler 
potential K and S would no longer be invariant. However, this loop correction is expected to be small 
with respect to the tree level value and we will for simplicity not consider it. 
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approaches that give a large hierarchy]^. The first case is to consider two different 
gaugino condensate Q with shghtly different one-loop /3-function coefficients and chiral 
matter fields with non-vanishing v.e.v. In this case a stable solution is found for Gs = 0. 
Another possibility is to include one-loop corrections of the 4-Gaugino interaction and 
to minimize Vq + Vi where Vi is the one-loop potential. In this case a stable 
minimum is found for a single gaugino condensate. In either case the effective S- 
dependent superpotential generated by a gaugino condensate is r2o(5') = (ie~^'^/^^° 
with bo the one-loop beta function coefficient and d independent of S. 

I) Two Gaugino Condensates 

Let us first consider the case of two gaugino condensates. To find the vacuum state 
with zero cosmological constant one needs to solve the eqs. 

V\ = Vs\ = Vt\ = Vi\ = 0. (7) 

The extremum eq. for the moduli field T is 
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3T, 
47r2 



\G2iT)\ 



(8) 



and using V\ = 0, eq.(^ is satisfied for T at the dual invariant points (T = 1,6""^/^) 
where G2 = 0. This implies that the auxiliary field of the moduli is zero, Gt = 0, 
and it does not break SUSY contrary to the case where the condition y| = was not 
imposed. For T at the dual points the vanishing of V implies then that either h or k 
or both must be different than zero. 



The extremum eq. for the dilaton field is 
1 



Vs = -e^\vr'' 



hsh + hhs + ksk + kks-^ + l/cp -3hn 



(9) 



which implies that 



hsh + hhs--^{h-3^) = —^{Srks-k) (10) 



where we have already taken ks = 0. From eq.(^) we see that /i = is valid only if 
k{Srks — k) = 0. In Q it was shown that for k = 0, h = corresponds to a minimum 
while 7^ to a maximum. However, imposing the condition V\ = we can no longer 
have k = h = 0. Assuming then that k ^ 0, Vs = h = would require 

Srks -k = KiiSr^s + SrQsi -^1 = 0. (11) 

The first term of eq.([Tl|) vanishes by hypothesis {h = 0) and taking ^Igi = implies 
that Qi = 0. Since |A;p = \KiQ + = li^TjOp must cancel the term 3|0p to have 
zero cosmological constant, a solution to y| = V5I = /i = is valid only if 

ni = and Ki = 4>i = Vs. (12) 



^We will not consider here the S'-dual symmetry mm 
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However, it is clear that this value cannot be dynamically obtained since the direction 
gives k = — > and a negative V. We come to the conclusion that we cannot 
have V\ = Vs\ =0 and h = 0. A different solution to S must be found in the context of 
two gaugino condensates. But, as we will show below, the new minimum for S requiring 
that y| = is not far away from the one obtained for h = with y| < 0. 

Can we actually have k ^ ? If all superpotential terms are at least quadratic in (pi 
then k = for 4>i = 0. The only possibility to have A: 7^ is with a linear superpotential 
Qch = c(j), where c is an arbitrary constant. Let us take then the superpotential 

J] = Oo(5) + C(/>. (13) 

The auxiliary field k = (f){^Q + c (j)) + c may vanish only if 

|^^op-4|cp >0. (14) 

Therefore, for c large enough k will be different than zero. The scalar potential which 
is generated by the superpotential (13) is 
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yo = ^e'^H~ [\Sr^s-{^Q + c(p)\' + \(t>{^o + c(t>)+c\' -?,\nQ + c(P\'\ . (15) 
In the case of two gaugino condensates VLq is 

where h = ^^'"f' is the one-loop beta function coefficient of the i-th gauge groups 



and di = i^^- Nij (327r2 e) ^iv.-A/, j ^^-^'i |]. The eqs. V\ = Vs\ = = are 

\h\'^ + \k\^ = 3|1^|2 
hsh + hhs = {^^ - 4>k) 

k^k + kk^ = n^{3Cl + h) (17) 

with hs = Sr ^sSj = Q., k^ = and k^ = One cannot solve the eqs. (|l 
analytically and the numerical solution yields 

<5'>=2.15, <0>=-O.73, c = 2xl0"^^ (18) 

where we have taken as an example A^i = 6, Mi = 0,N2 = 7, M2 = 6. This solution 
corresponds to a minimum. 

More general, a solution is a minimum if the Hessian H = det Vab , where a, b 
denote derivatives with respect to real scalar fields and det the determinant, is positive 
definite. Let us define p = Re S, q = Im S, (p = p e*^ with p > 0. If we only consider 
the contribution of the two gaugino condensates, i.e. there is no contribution of the 
chirial matter field (p, one has H = VppVqq — Vpg. Since q = Im S is an angular variable 
there will always be a minimum in the q direction (i.e. Vqq > 0). In fact, the q 
dependent part of the potential is V{q) = A cos [g(3/26i + 3/262)] with A independent 
of g (for eq.(|l|) we find A = 2did2[ p (3/6i + 3/62) - 1] e-P(3/26i +3/262)). pov Vq = we 
necessarily have Vqp = and therefore the potential has a minimum in the Re S, Im S 
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plane if and only if Vpp > 0. It is easy to see that h = corresponds to Vpp > while 
/i 7^ to Vpp < 0. In this case < S >~ 2.16 and we see that the v.e.v. of the dilaton 



is not very sensitive to the cancelation of the cosmological constant. Using eq.(p^) the 
difference on < S" > with or with out the condition y| = is AS" = O(10~^). 

Let us now consider the Hessian including the contribution of (p, 



H 





















Ve 


Vpp 





Vpp 













Vn 



(19) 



where again Vqp 
if and only if Vpp, 



V„ 



y2 



qp — Vgp = Vop = for Vq = Vg = 0. The Hessian is positive definite 

Vqq, Vgo, Vpp > and Hi = VppVqq - V^q = VppVqq >0,H2 = VppVpp - 

> 0, H3, = VqqVgg — V^g > 0. Since 9 and q are angular variables there will always be 
a minimum in those directions and in the 9, q plane, i.e. > 0. An extremum solution 
will be a minimum if and only if Vpp, Vpp,H2 > 0. For the example given above we have 
checked numerically that Vpp > 0, Vpp > and H2 = VppVpp — Vpp > corresponding 
to a minimum. In [|l^] it was argued that a potential with V\ = V^l = always has a 
global minimum with V < 0. However, their conclusion assumed that y| = = 
with W\ = Ws\ = which is not our case since W, Ws 7^ at the minimum. In fig.l 
we show Vq function of S. 

We have thus shown that it is possible to cancel the cosmological constant using 
only the tree level sugra scalar potential. The dilaton field has a stable solution and 
its v.e.v. does not differ much from the case where Qch = and Vmin < 0. SUSY is 
broken with a large hierarchy but mainly due to the auxiliary field k = rf" (T) ~ $7^ 
since Gt = and /i = ri^{T) 5^ ~ Note that 





k 








h 






since Viss ^ ~ ^ and $7^ 




n. 





0(10^) > 1 



(20) 



A drop back is that many phenomenological quantities depend strongly on how 
SUSY is broken and in this case it is broken via the term which we now least and was 
introduced with the only motivation of rendering V\ = 0. 

II) One gaugino condensate 

We will now study the scalar potential including loop corrections. The dilaton field 
is stabilized with a single gaugino condensate ||9|. The Coleman- Weinberg one-loop 
potential is 

X + X ln{- ) -|- m(l -|- X) 



Vi 



647r2 



Str 



(21) 



'l + x' 

where x = and are the (mass)^ matrices for the different particles. The leading 
contribution to eq.(^) comes from the gaugino mass 



rrin 



dAc 



-1\S 



(22) 



and Fs 



Since Xn 



0(10- 



IQn- 



■A^m^ where Ar is the condensation scale and 



n, 



we can write eq.(|21|) as Vi = 
, is the dimension of the hidden 
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gauge group responsible for breaking SUSY. The scalar potential V = Vq + Vi can then 
be easily written as V = Vq — j^A^m^ 



V 
V 



167r2 ^'-c"''g 
2 I IU2 



\h{' + \k\'' - 3\n\'^ - 5\H\'^ 

e - SFI) + \k\\l - - 3\n\\l + 36) 

6 {Fsh[(pk - 3n] - 3(l}nk + h.c.)] (23) 



nabi 



where we have defined 6 = j^;^ <C 1 and we have specialized to Ki = (p. We recover 
the tree level potential by setting 5 = 0. In the absence of chiral matter potential, i.e. 



k = 0, the dominant term in eq.(23) is 



\h\\l-5Fl) 



de-^s/2bo 




1-6 



1 + 



2h 



1 2N 



(24) 



where we have taken a single gaugino condensate = de"^"^/^^" for which h = 
—Qq (^l + 1^)- It is clear from eqs.(|23|) and ( p4|) that there is stable solution to S 
with a single gaugino condensate unlike the previous case (tree level only). Using this 
approximation, the minimum is at 



Sr ~ 



2 bp 

3(^1/2 



871- 



(25) 



and 



(1 - 6Fl 



For k ^ a vanishing cosmological constant requires 



\k\' 



-|/ip(l-(5F|) + 3|0| 



(26) 



(27) 



up to leading order. In this case SUSY is broken mainly due to the auxiliary field of 
the dilaton since 

\k\' 
\h\^~ 



251/2 ^ 10 



-2 



(28) 



Solving the exact eqs V = Vs = V^f, = numerically, using the ex. 1 in |^], i.e. 
SU{Q) gauge group with bo = ll/lGvr^, the v.e.v. of 5 and and the value of c are 



S = 2.11, 



0.74, c = 2.9 X 10" 



-19 



(29) 



> 0. 



corresponding to a stable solution, i.e. Vpp > 0, Vpp > and H2 — rpp, pp , pp 
The difference between the v.e.v. of S when c = (/> = and V < and when the 
is imposed is small A 5 = O{\0^^). 



condition V\ 



In fig. 2 we show y as a function of S and in fig. 3 we have V vs {(j),S). We see 
that V has two minimums in the S direction. In the absence of the chiral matter 
field contribution, i.e. c = (p = 0, V has only one minimum and a similar behavior as 
the one shown in fig.l. However, for c(f) ^ there is a local minimum with ^ > 0. 
Let as call 5*0 the global minimum, ^2 the local minimum and Si the maximum in 
between both minima. In the region S < Sq the potential Vq and (— Vi) decrease 
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exponentially fast and we have Sj-^s = i^^o ^ c(j) and Xg <^ 1. The dominant term 
in V is - + |/cp ~ |5rJ^5p(l - + |cp and the minimum is at Sq. For 

S* > 5i the tree level potential decreases as 1/S since in this region c(j) > Cls and 
the dominant term in Vq is then e^\c\'^ ~ Icp/S". On the other hand, the one-loop 
potential Vi decreases slightly (it becomes more negative) in the region 5i < 5 < ^2 
and therefore we have a local minima at 82- This behavior oi V = Vq + Vi can be 
seen from eq.(p^) since the first two terms dominate and if 5 becomes larger then 

- + ~ -Icc/fpJ (^1^) + |cp decreases. For S > S2 the "log" terms in 

Vi (cf. eq.(^)) start to dominate, Xg ^ I and Vi ~ — A^lnxg decreasing exponentially 
fast. 

Again, we have seen that it is possible to cancel the cosmological constant while 
having S at its minimum with a large hierarchy. 

We will now consider the inflationary potential. The dynamics of the dilaton field 
does not allow for an inflationary potential as long as S is still a dynamically field. A 
possible solution is to have S froze at its minimum and then inflation could be driven 
by other fields. To be more general, we will investigate the potential due to chiral 
matter fields other then (p which we used to cancel the cosmological constant^. Clearly, 
a potential to inflate must be positive. Is it then possible to have S stable and V > 0? 
Can the inflaton potential dominate V ? 

Let as take the potential V to be independent of the inflaton fleld, which we will 
denote by We assume V to have the properties V\so = Vs\so = at the global 
minima which we have jseen that it is indeed feasible. The inflaton potential Vinf{S, <I>) 
will in general depend on S. It is reasonable to assume that the S dependent part of 
Vinf can be factorized so that 

V,nf = A{S)P{^). (30) 

For the usual inflaton potential in string scenarios one can have ^ = 1/5 ~ or 
A = e~^^^'^''° / S ~ e^Wo dependence on the dilaton field. The complete scalar potential 
is then 

Vf = V + Vinf. (31) 

Due to the inclusion of Vinf the value of S at the minimum will now vary and we will 
call it 

Vf,s\s^ =Vs\s^+ VinfMs^ = (32) 

which implies that 

P{'^)As\s^ = -Vs\s^- (33) 
Expanding V and V5 around Sq and keeping the leading term only, one has 

V = ^VsslsoiS - Sof + ... 

Vs = VsslsoiS - So) + ... (34) 

since V\sq = Vs\so = by hypothesis and ... correspond to higher derivative terms. 
*It would, nevertheless, be interesting to study the phenomenology of 4>. 
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Let us take As = a{S)A{S). For A = 1/S one has a = —1/S while for A = 
g-3S/26o^5' one has a = — 3/26o (keeping the leading contribution only since 3/26o ^ !)• 
Using eqs.(|3^)-(|3^ we can write the inflaton potential Vinf = A{S)P{^) as 

VinfiSi) = ^AsiS)P{'^) 

VinfiSi) ~ --VsslsoiSi - So) (35) 



a 



and the complete scalar potential is 



VfiSi) = VsslsoiSi - So) [ ^{Si - So) - i ) . (36) 



The first term in eq.(36) corresponds to the contribution from V while the second 
comes from Vinf- Which terms dominates depends on — 5*0 and a. For q:(5i) = 
— 1/Si the potential is Vinf = ^5S'|5o('S'i~5'o) (^(5*1 — Sq) + and clearly the second 
term, i.e. Vinf dominates. For a = —3/2bo the potential is Vinf = VsslsoiSi — 
Sq) (h{Si — So) + 25o/3^ and Vinf will dominate only if {Si — So) < 46o/3. Note that 
eqs.(|3^) and ( p5D are only valid if 5*1 does not differ much from 5*0 and it must be 
calculated for each specific example. Furthermore, the condition on Si — So to be 
small, i.e. that Vinf does not destabilize S, imposes a constraint on the magnitude of 



Vinf [|14[- Using eqs.(|35|) and ( p6[) the inflaton potential must satisfy 



Vss\ 



So 



2 , ^ 

< -72- (37) 



This condition has been used to set an upper limit to the density fluctuations |14] and 
for specific examples it can be consistent with the COBE observations [ p^ . 

To conclude, we have shown that in the context of sugra string models the cosmo- 
logical constant can be arranged to vanish if the superpotential has a linear term. The 
solution corresponds to a global minimum. We have also shown that the introduction 
of a chiral potential Vinf does not necessarily destabilize the dilaton field and the vac- 
uum energy can nevertheless be dominated by Vinf allowing for the existence of an 
inflationary potential. 
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Fig.l Wc show the potential of two gaugino condensates Vq as a function of S. 

Fig. 2 We show the potential of a single gaugino condensate V = Vq + Vi as a function of S 
ior C(j) ^ 0. 

Fig. 3 We show V = Vq + Vi as a function of S and (j). 
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Fig.3 
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